Introduction
Ultrasound imaging is a widely used imaging modality in medical diagnostics. It allows real time imaging without any harmful radiation. The beamforming principles in ultrasound imaging [1] have not changed much over the last decades. Recently the development of modern hardware components like FPGAs and GPUs allow massive parallelization of signal processing algorithms. Different approaches have been described for the parallelization of the beamforming process, namely synthetic aperture imaging [2] and plane wave imaging [3] . The parallelization of the beamforming process can be used to generate ultrasound images at very high frame rates. This allows the investigation of new ultrasound imaging modalities like transient shear wave elastography or real time 3d imaging. A new generation of ultrasound research platform is being developed at the Fraunhofer IBMT [4] that uses modern hardware architecture with the capability to use parallelized beamforming algorithms. To decide what beamforming approach to implement in the system the different approaches have been evaluated and compared to each other and the classical beamforming approach.
Methods
The classical beamforming (CBF) approach uses focused transmit beams and dynamic focusing in receive beamforming. The image is generated line by line and a new transmit beam needs to be generated for every line [1] . The speed of sound and the line by line acquisition limit the frame rate in the classical approach even if modern hardware components are used.
The synthetic aperture (SA) method uses single transducer elements to generate a spherical wave front and all of the transducer elements are used to record the echo signals [2] . Every transmission uses a different transducer element, so that every single one is used once in the imaging process. After a single element transmission, a whole image is reconstructed. All the image lines can be reconstructed in parallel so the number of lines is not limiting the frame rate. The image is generated by the summation of the reconstructed images of the single element transmissions. Variations of the SA method use groups of elements instead of single elements in transmission [2] . In the plane wave (PW) approach all the transducer elements are used for the transmission of a plane wave as well as for the recording of the echo signals [3] . The reconstruction can be done in parallel and a whole image is reconstructed after a single transmission as in SA. A derivative of the PW approach is the PW compounding method where tilted plane waves are applied [3] . The different beamforming methods are evaluated using the controlled environment of computer simulations to compare the different approaches without any extraneous disturbance. All the simulations are carried out in Field II, a Matlab based simulation tool that is developed especially for the simulation of ultrasound fields [5] . The evaluated criteria are lateral resolution, reconstruction artefacts and image contrast. The lateral resolution is measured by the full width at half maximum (FWHM) of the point spread function (PSF). The PSF is simulated using the echo of a point reflector surrounded by an unechoic medium. The same simulation setup is used for quantifying the reconstruction artefacts. The signal energy in an area (radius 0.75 mm) surrounding the point reflector is analyzed in relation to the total signal energy in the image. The image contrast is measured using an unechoic cylindrical inclusion surrounded by a uniform distribution of point reflectors. The contrast is defined as the relation between the signal energies inside and outside of the inclusion of the reconstructed image. For the simulations a 5 MHz linear array transducer with an element pitch of 0.3 mm was deployed. The sampling frequency was set to 40 MHz. 128 image lines were reconstructed for every image. The total imaging depth was 10 cm.
Results
The CBF approach forms an image with a distinct focal zone. For that reason the image quality parameters are measured for the focal depth (CBFF) and 2cm away from the focal depth (CBFUF). The simulation results (Table 1) show superior contrast for the CBF method but there is a major decrease in image quality outside of the focal zone. Since there is no static transmit focusing applied in SA and PW the image quality is very homogeneous throughout the image. The SA method shows the best lateral resolution as well as good contrast and artifact reduction. The PW imaging allows for the highest possible frame rates but the images lack in contrast and show distinctive reconstruction artifacts. For the comparison of the SA and PW method, variations of both approaches with similar frame rates where simulated. SA was simulated using groups of 4 (SA4), 8 (SA8) and 16 (SA16) transmit elements instead of single element transmissions. PW was simulated using the compound method applying 7 (PW7), 15 (PW15) and 31 (PW31) tilted plane waves with a maximal angle of ±15°. The lateral resolution turns out to be identical for all of the examined methods but contrast and artifact reduction was much better when using PW. Figure  1 and Figure 2 show the simulation results of SA8 and PW15 which result in similar frame rates of about 500 Hz. 
Discussion
The simulations showed the strengths and weaknesses of the different approaches. CBF is not suitable for the investigation of new imaging modalities because of its limited frame rate [2] [3]. For higher frame rates the PW approach turned out to be superior to the SA approach. While both of the modern approaches show distinctive reconstruction artifacts and lack image contrast, the very high frame rates could be used to improve image quality by the application of adaptive beamforming algorithms [6] or further post processing. Adaptive methods use the statistical analysis of the receive signals and apply a dynamic adaptive weighting function during the beamforming process to reduce reconstruction artifacts and improve contrast and resolution. 
